Experiencing early life stress (ELS) and subsequent dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis may play a role in the aetiology of mental health disorders. However, the exact mechanisms linking HPAaxis dysregulation with the development of psychopathology have not been fully delineated. Progress in this area is hampered by the complex and often conflicting associations found between markers of HPA-axis function and risk factors for mental health disorders such as impaired executive function (EF) and ELS. This study investigated the association of the cortisol awakening response (CAR) with ELS and EF in a healthy adult male population (n = 109, aged 21-63). As previous inconsistencies in CAR and ELS association studies may be the result of not considering ELS-related factors such as cumulative exposure, type of stressor and developmental timing of ELS, these were also investigated. The main findings were that the CAR was significantly elevated in individuals reporting ELS compared to those reporting no ELS (p = 0.007) and that an elevated CAR predicted poorer problem solving/planning (p = 0.046). Cumulative exposure, type of stressor and developmental timing of ELS were also found to impact significantly on the CAR. These results suggest that ELS is associated with chronic changes in HPA-axis function and that these changes may be associated with impairments in problem solving/ planning. Future work should investigate further the neurobiological mechanisms linking ELS, the CAR and EF and their role in conferring risk for the development of mental health disorders.
Introduction
Experiencing stressful life events during childhood or adolescence (early life stress; ELS) is a risk factor for later development of mental health disorders such as depression and schizophrenia (Mandelli et al. 2015; McLaughlin et al. 2010; Read et al. 2001) . Although the exact mechanisms have not been fully delineated the hypothalamic-pituitaryadrenal (HPA) axis, the major neuroendocrine regulator of stress responses, likely plays a role in mediating the effect of stressors on the development of psychopathology (Doom and Gunnar 2013) . Impaired executive function (EF) may also be a risk factor for mental health disorders. Impairments in EF, a set of higher order cognitive processes that facilitate the attainment of goals (Diamond 2013) , are transdiagnostically associated with mental health disorders (McTeague et al. 2016 ) that are linked with ELS. Indeed, impaired EF may be an intermediate phenotype more closely linked to biological mechanisms than more complex disease states per se (i.e. a cognitive endophenotype; Almasy and Blangero 2001, Gottesman and Gould, 2003) and it may represent a mechanism linking a dysfunctional HPA-axis to mental health problems. Conversely, better EF may protect against the development of mental health disorder symptoms in 'at risk' populations (Davidovich et al. 2016) . Consequently, studies that investigate both the effects of ELS on HPA-axis function during adulthood and the relationship between ELS-induced alterations of HPA-axis function and EF may be particularly important for understanding risk phenotypes that may confer vulnerability to psychopathology.
One common method of investigating HPA-axis function is through the measurement of the cortisol awakening response (CAR). Originally described in the 1990′s (Pruessner et al. 1997 ) the CAR refers to a typical rise in cortisol within the first 30 min of waking (Clow et al. 2004; Wust et al. 2000) . The CAR has been shown to be associated with mental health disorders, with an elevated CAR predicting subsequent new on-set anxiety (Adam et al. 2014 ) and depression (Adam et al. 2010 ), a blunted CAR being found in patients with severe depression symptomology (Veen et al. 2011) and those with first episode psychosis and schizophrenia (Berger et al. 2016) . Since the CAR may be a stronger predictor of depression than other measures of HPA-axis activity (Adam et al. 2010 ) it may be a particularly interesting index of HPA-axis function for investigating risk factors for mental health disorders.
Studies investigating the physiological and cognitive effects of experiencing early life stress (ELS) in healthy adults enable investigation of potential risk phenotypes for psychopathology free from confounding factors associated with disease, such as symptoms and medication. Despite this, few studies have been conducted aiming to elucidate how the experience of ELS contributes to dysregulation of the CAR in non-psychiatric populations. Those that have show mixed findings regarding the association of ELS with CAR in adulthood, with both negative (Meinlschmidt and Heim 2005) and positive (Engert et al. 2011 ) associations reported. It has been suggested that different types of stressor may have differential effects on HPA-axis function as assessed by the CAR (Engert et al. 2011) . This is supported by work showing that physical abuse compared to emotional abuse may increase HPA-axis sensitivity to subsequent stressors (Kuhlman et al. 2015a ). In addition, experiencing physical abuse is associated with a blunted cortisol response under acute stress challenge even when controlling for other types of ELS (Carpenter et al. 2011 ) and early physical/sexual abuse, but not other types of early onset maltreatment, has been linked with diurnal cortisol dysregulation (Cicchetti et al. 2010) . Several strands of research suggest that other ELS-related factors may lead to greater or lesser impacts on the functioning of the HPA axis. The allostatic load hypothesis predicts that chronic or repeated exposure to stress leads to a cumulative physiological toll that likely includes dysregulation of the neuroendocrine stress system (McEwen 1998) . Indeed previous research with children has found that those who had experienced multiple types of ELS were more likely to show hyperactivity of the HPA axis indexed by elevated morning cortisol levels (Cicchetti and Rogosch 2001) . The age that ELS is experienced may also be related to HPA-axis dysregulation. For example, early but not later onset of physical/sexual abuse is linked with diurnal cortisol dysregulation in children (Cicchetti et al. 2010) . Furthermore, previous research has found that experiencing stressful life events during younger childhood as opposed to adolescence is associated with greater risk of developing depression or post-traumatic stress disorder (Maercker et al. 2004) , and poorer response to antidepressant treatment in depressed patients (Williams et al. 2016) .
Several studies have also focused on the effect of ELS exposure on executive function (EF). Studies typically report deficits in EF following ELS (e.g. Bos et al. 2009; Cardona et al. 2012; Loman et al. 2013 ). However childhood adversity may not lead to a general impairment in EF and could actually enhance specific aspects (Mittal et al. 2015) . A dysregulated HPA-axis, as a consequence of ELS, is likely to affect EF since EFs are subserved by stress-sensitive brain regions that have a protracted development such as the prefrontal cortex (Pechtel and Pizzagalli 2011) . This protracted development alongside a high concentration of glucocorticoid receptors make this area vulnerable to both structural and functional changes induced by chronic stress (e.g. Arnsten 2009; Brown et al. 2005; Izquierdo et al. 2006 ). However, findings from studies examining the relationship between the CAR and EF have been inconsistent with some studies showing positive associations (working memory: Almela et al. 2012; attention switching: Evans et al. 2012; Law et al. 2015) , some showing negative associations (error monitoring: Zhang et al. 2015) , some showing no association (working memory, attention switching and cognitive inhibition : Franz et al. 2011; working memory: Ennis et al. 2016; Hidalgo et al. 2016) or a more complex U-shaped relationship (working memory: Moriarty et al. 2014) .
The primary aims of the current study were to investigate the association of the CAR with both retrospective self-report ELS exposure and with current EF performance (working memory, cognitive flexibility and planning/problem solving) in a healthy adult male population. As gender differences have been reported in the effect of stress and ELS on HPA-axis function (DeSantis et al. 2011; Kudielka and Kirschbaum 2005 ) female participants were not recruited. Due to the limited and divergent findings in prior research investigating the association between CAR magnitude and ELS in healthy adults (e.g. Engert et al. 2011; Meinlschmidt and Heim 2005) and the mixed findings with the association between CAR and EF (see above) directional hypotheses were not made. Instead, it was hypothesised that experiencing ELS would be associated with an altered CAR and that the CAR would be associated with EF performance. The secondary aim of the current study was to investigate how cumulative exposure (the number of trauma types reported), the type of ELS experienced, and the developmental timing of ELS may impact on the CAR. Based on previous research it was hypothesised that both cumulative ELS exposure and experience of ELS at a younger age would be associated with a more pronounced impact on CAR magnitude. In addition, given previous findings regarding exposure to physical and sexual abuse and HPA-axis dysfunction, it was hypothesised that these types of ELS would be associated with HPA-axis function, as measured by the CAR, when controlling for other types of ELS.
Material and methods

Participants
One hundred and nine healthy adult males (mean age: 34.2 years, SD: 10.6, range: 21-63) from a community sample participated in this research. Participants included were from the first wave of recruitment into a larger study investigating independent and interactive gene and ELS effects on EF (Klaus et al. 2017 ) from whom we collected saliva samples for cortisol analyses. Participants who self-reported use of steroid based medication or having a current psychiatric diagnosis or a drug or alcohol problem were excluded. There were no additional inclusion/exclusion criteria from the larger study. All participants were assessed for symptoms of psychopathology using the Hospital Anxiety and Depression Scale (HADS; Zigmond and Snaith 1983) and for current stress levels using a 14-item Perceived Stress Scale (PSS-14; Cohen et al. 1983) . Participants had normal to mild levels of anxiety, depression and current stress (means: 6.5 (SD: 3.8), 3.3 (SD: 2.6) and 20.8 (S.D. 8.2) respectively). Participants also completed questionnaires regarding their psychiatric history, demographic information (age, ethnicity and education) and sleep history (waking times and sleep durations). Twelve participants self-reported previous anxiety/depression symptoms and these participants were not disproportionately distributed when grouping participants by previous exposure to ELS. Participants were 94.5% Caucasian and 47.7% held a University level qualification. All participants gave written informed consent to take part and the study was approved by the School of Psychology Research Ethics Committee at the University of Lincoln.
Salivary cortisol collection and measurement
Participants were provided with 4 Salivettes (Sarstedt Ltd., Leicester, UK) for saliva collection and were instructed to wake at their usual times and to collect saliva samples immediately upon awakening and again at 30 min post-awakening on two consecutive week days. Participants were further instructed not to eat, drink, smoke or brush their teeth before providing samples. Across all participants mean second sample collection time was recorded as 30.23 min (SD: 2.02 min) after waking with none later than 45 min post-waking (max: 38 mins) and five cases prior to 30 min. Significant effects were unchanged when analyses were repeated after removing these five participants and so we report analyses for all participants. In order to evaluate adherence to waking sampling a sub-set of participants (n = 13, approximately 12% of the total sample) wore an electronic monitoring device (Actiwatch 2; Philips Respironics, OR, USA). Across both sampling days electronically monitored waking times (mean: 07:14 h) were not significantly different from participant recorded sampling times (mean: 07:15 h, range: 9 min earlier to 12 min later; t (12) = 1.81, p = 0.096).
Once returned, saliva samples were stored at − 20°C before being made acellular through centrifugation (716G for 5 min (Beckman Coulter Allegra X-15R) followed by 13.3G for 10 min at 4°C (Eppendorf Centrifuge 5430R)) and then stored in 1.5 mL aliquots at − 80°C. Quantification of cortisol was determined by immunoassay (ENZO Life Sciences (UK) Ltd., Exeter, UK) conducted according to manufacturer's instructions. Assay detection limit was 0.16 nmol/L and intra and inter assay coefficients of variation were < 10% and < 18% respectively. Samples were analysed blind to whether participants had experienced ELS and thus were randomised across plates. Samples were assayed in duplicate and the CAR for day 1 and day 2 was calculated by subtracting the mean waking cortisol concentration from the mean 30 min post-awakening concentration. The CAR from day 1 and day 2 did not significantly differ (t(108) = 0.25, p = 0.807) and consequently an overall mean CAR was calculated for each participant.
Executive function
Participants completed a battery of computerised cognitive tests from the Cambridge Neuropsychological Test Automated Battery (CANTAB; Cambridge Cognition, Cambridge, UK) described elsewhere (Klaus et al. 2017) . Problem solving/planning was assessed with the One Touch Stockings of Cambridge task and was indexed by the number of problems solved on first choice. Cognitive flexibility was assessed with the Intra-Extra Dimensional Set Shift task and was indexed by the total number of errors (adjusted for number of stages completed). Working memory was assessed with the Spatial Working Memory task and was indexed by the total number of times participants revisited a box in which a token had previously been found. Further details about these EF tasks are available at http://www.cambridgecognition.com.
Early life stress
ELS was assessed using the Childhood Traumatic Events Scale (CTES; Pennebaker and Susman 1988) , which asks participants retrospectively about the occurrence of six categories of trauma: death of a close friend or relative, parental separation or divorce, traumatic sexual experience, physical violence, major illnesses or injuries, or other traumatic experiences prior to the age of 17. Participants recorded the age at which any of these traumatic experiences occurred and also rated the severity of the traumatic event on a 7-point scale (1-7) where 7 is extremely traumatic. As in Pennebaker and Susman (1988) , participants had to rate an experience as 6 or 7 on the trauma scale in order to be classified as having experienced ELS.
Data analysis
All data were analysed using SPSS version 21 (IBM Corp., Armonk, NY, USA). To investigate the primary aim of the impact of experiencing ELS on the CAR, group differences (ELS vs no ELS) in CAR were investigated with one-way analysis of covariance (ANCOVA). Awakening cortisol levels, waking time, sleep duration, age and current perceived stress levels were entered as covariates as previous research suggests that these factors can impact on the CAR (Chida and Steptoe 2009; Stalder et al. 2016) . HADS scores were not included as covariates as they were highly correlated with scores on the PSS-14 (anxiety subscale: r = 0.73, p < 0.001 and depression subscale: r = 0.57, p < 0.001). Following this, secondary analyses were performed to investigate the association of the CAR with three ELS-related factors (cumulative exposure, type of stressor and developmental timing of ELS). To assess the cumulative impact of exposure to ELS we investigated how the number of trauma types experienced affected the CAR. Participants were first grouped based on the number of trauma types they reported having experienced (none, one and two or more) and then group differences were investigated using ANCOVA with covariates as before. To investigate the association between type of stressor and the CAR, the trauma types asked about in the CTES were first coded as experienced or not experienced (1 or 0). Subsequently multiple linear regression analysis was performed with the CAR set as the dependent variable and the previous covariates and the coded experience data entered as independent predictors. Experience of ELS is unlikely to be an isolated event (Finkelhor et al. 2007 ) as such different traumas may be interrelated leading to multicollinearity within this model which can potentially bias coefficient estimates. Variance inflation factors (VIF) were examined to estimate multicollinearity severity within this model. The impact of the developmental timing of ELS was investigated by grouping participants into three groups based on the youngest age that they reported as having experienced ELS on the CTES (no ELS, childhood ELS i.e. ≤ 12 years, adolescent ELS i.e. ≥ 13 years; Maercker et al. 2004 ). Group differences in CAR were then investigated with ANCOVA using the covariates listed previously. The age at which ELS occurred was not recorded for one participant and so this analysis was performed on 108 participants. Finally to investigate the association of the CAR with EF, three multiple linear regression analyses were performed with EF performance (working memory, cognitive flexibility and problem solving/planning) set as the dependent variable and the covariates listed previously and the CAR entered as independent predictors.
For ANCOVA and regression analyses normality of the residuals were checked by visually inspecting histograms and Q-Q plots and by checking skew and kurtosis (Kim 2013) . There was one instance of excessive deviation from a normal distribution (where errors on the cognitive flexibility task were the dependent variable) and so log transformed errors were used instead which improved the distribution of the residuals. Cortisol data was inspected for outliers by checking whether participant waking cortisol levels fell outside of a range (2.6-42.8 nmol/L) reported from 8 am sampling in 195 men and women (Aardal and Holm 1995) . Data from three participants fell slightly outside of this range (1.89, 2.41 and 2.52 nmol/L) however significant effects were unchanged when analyses were repeated after removing these participants and so analyses are reported for all participants. CAR can have high inter-individual variability (Adam et al. 2010 ) however all CAR values fell within the mean ± 4 standard deviations (as in Carnegie et al. 2014 ). All statistical tests were two-tailed with alpha set at 0.05. Effect sizes were calculated for all statistically significant findings using Cohen's f 2 , partial η 2 and Cohen's d for regression, ANCOVA and post-hoc t-tests respectively.
Results
Descriptive data
Participants who reported experience of ELS did not significantly differ from those reporting no ELS in terms of age, years of education, waking time, sleep duration and awakening cortisol characteristics. Those who reported ELS had significantly higher HADS and PSS-14 scores (see Table 1 ). Across all participants cortisol levels at 30 min post-awakening (mean: 9.11 nmol/L, S.D. 5.29) were significantly greater than at awakening (mean: 7.40 nmol/L, S.D. 4.26; t(108) = −4.27, p < 0.001, Cohen's d = − 0.41). The overall mean CAR was 1.71 nmol/L (S.D. 4.18; 95% CI: 0.92-2.51).
Cortisol awakening response and experience of early life stress
The CAR was significantly elevated in those that reported experiencing ELS compared with those who did not after controlling for awakening cortisol, waking time, sleep duration, age and current perceived stress (F(1, 102) = 7.48, p = 0.007, partial η 2 = 0.07; see Cortisol awakening response and early life stress-related factors
Cumulative exposure Across all participants, the number of trauma types experienced ranged from 0 to 3. There was a significant difference in CAR when comparing groups based on the number of reported trauma types experienced after controlling for awakening cortisol, waking time, sleep duration, age and current perceived stress (F(2, 101) = 3.82, p = 0.025, partial η 2 = 0.07). More specifically, a stepped increase in CAR could be observed as the number of trauma types experienced increased (see Fig. 2a ). Post-hoc t-tests indicated that the CAR was significantly elevated in those reporting having experienced one (t(92) = − 2.05, p = 0.044, Cohen's d = 0.45) and those reporting having experienced two or more (t(81) = − 2.61, p = 0.011, Cohen's d = 0.66) trauma types compared to those reporting none.
Type of early life stress Multiple linear regression investigating the association of CAR with type of ELS experienced showed that the full model predicted 13.7% of the variability in the CAR (adjusted R 2 = 0.137, F(11, 97) = 2.56, p = 0.007, Cohen's f 2 = 0.16). More specifically, experiencing physical abuse or violence was significantly positively associated with the CAR (t (97) = 2.87, p = 0.005; see Table 2 ) after controlling for awakening cortisol, waking time, sleep duration, age, current perceived stress and other types of ELS. Change in adjusted R 2 when the physical abuse/ violence term was added to the rest of the model was 0.064 suggesting a higher than chance probability that physical abuse/violence uniquely predicted 6.4% of the variance in the CAR. None of the other ELS types were significant independent predictors of the CAR. VIF for each type of ELS in the model (range: 1.05-1.25) suggests that multicollinearity is low and unlikely to be biasing coefficient estimates. Awakening cortisol and waking time were also significant independent predictors of the CAR in this model, both having negative associations, when adjusting for the other control variables (p = 0.010 and p = 0.029 respectively; Table 2 ).
Age of early life stress
There was a significant difference in CAR when comparing groups based on age of youngest reported experience of ELS after controlling for awakening cortisol, waking time, sleep duration, age and current perceived stress (F(2, 100) = 3.85, p = 0.024, partial η 2 = 0.07). Posthoc t-tests showed that CAR was significantly elevated in those reporting experiencing younger ELS (up to 12 years) compared to those reporting no ELS (t(92) = − 2.74, p = 0.007, Cohen's d = 0.59) with no other significant differences between the groups (see Fig. 2b ).
Cortisol awakening response and executive function
Multiple linear regression analyses investigating the association of the CAR with EF showed that the CAR was a significant independent predictor of planning/problem solving. More specifically CAR was significantly negatively associated with the number of problems solved on first choice on the One Touch Stockings of Cambridge task when controlling for awakening cortisol, waking time, sleep duration, age and current perceived stress (t(102) = − 2.02, p = 0.046; see Table 3 ). This suggests that an elevated CAR predicted poorer planning/problem solving. The overall model was non-significant (adjusted R 2 = 0.026, F (6, 102) = 1.48, p = 0.194) and the change in adjusted R 2 when the CAR term was added to the rest of the model was 0.03 suggesting a higher than chance probability that the CAR uniquely predicted 3% of the variance in planning/problem solving performance. Fig. 3 shows the scatter plot of the bivariate correlation between CAR and problems solved on first choice unadjusted for the control variables (p = 0.027, r = −0.21). The CAR was not an independent predictor of the other EF indices (p values > 0.05) and the overall models were also non-significant (working memory: adjusted R 2 = 0.003, F(6, 102) = 1.05, p = 0.400; cognitive flexibility (log transformed): adjusted R 2 = −0.010, F(6, 102) = 0.82, p = 0.559).
Discussion
This study investigated the relationship between the CAR and ELS and the influence of the CAR on EF in a population of healthy adult males. In line with our hypotheses, results showed a significantly elevated CAR in those reporting ELS and an elevated CAR was significantly negatively associated with planning/problem solving even after controlling for awakening cortisol levels, waking time, sleep duration, age and current perceived stress. Furthermore results showed the CAR to be associated with multiple ELS-related factors. This implies that the CAR may be an indicator of ELS-exposure and subsequent risks related to such exposure. Specifically and in line with predictions, an elevated CAR was found in those reporting both single and multiple trauma types compared to no trauma. There was a stepped increase in mean CAR from single to multiple trauma type exposure but this increase was not significant. A significantly elevated CAR was found in individuals reporting ELS in childhood but not in adolescence. Furthermore physical abuse/violence was a significant positive predictor of adult CAR and was the only stressor type uniquely associated with the CAR in this dataset.
An elevated CAR has previously been found in healthy adults reporting ELS (Engert et al. 2011 ) and the presence of elevated CAR is suggestive of dysregulated HPA-axis activity. However the opposite finding has also been found (Meinlschmidt and Heim 2005) suggesting that carefully designed studies should be conducted to elucidate the reasons behind the reported discrepancies. Previous research has found positive associations between the CAR and stress perception and real world stress reactivity (Chida and Steptoe 2009; Inslicht et al. 2011) but not laboratory-induced stress reactivity (Kidd et al. 2014) . Other research suggests that an elevated CAR may be associated with vulnerability towards developing mental health disorders such as depression (Adam et al. 2010) .
In concordance with the allostatic load hypothesis, which predicts that chronic or repeated exposure to stress leads to dysregulation of the neuroendocrine stress system (McEwen 1998), previous research suggests that cumulative exposure to ELS can result in HPA-axis dysregulation. For example, postpartum women who reported experiencing both parental loss and maltreatment had elevated morning cortisol levels compared to those who experienced only one form of early adversity, or who reported no early adversity (Gonzalez et al. 2009 ). In addition, an elevated CAR was found in children (mean age 12.8 years) with moderate cumulative ELS exposure, while a similar CAR to that of a non-exposed group was found in those with higher cumulative ELS exposure (3 or more adversities; Gustafsson et al. 2010 ). This later finding has been interpreted as the early signs of HPA-axis down-regulation. Our finding of a stepped increase in CAR with cumulative ELS exposure also suggests that there may be additive effects of cumulative exposure on HPA-axis functioning. However, our finding differs to that of Gustafsson and colleagues in that those with the greatest cumulative exposure had an elevated CAR compared to no exposure. It is difficult to make direct comparisons between the two studies as they have indexed cumulative exposure differently (total number of adversities versus number of trauma types experienced). The study populations also differed with regard to age (children versus adults) and recency of ELS exposure. However, it is plausible that these discrepant findings are due to heterogeneity within our highest cumulative exposure group. This group contained individuals that experienced 2 or 3 types of trauma but the actual number of traumatic events may have varied quite markedly. Further, given that this study was conducted in healthy adults there may also be within group variability in HPA-axis sensitivity/resilience to changes following experience of ELS which may become more apparent at higher levels of cumulative exposure. This is only speculation and would require follow up studies in individuals with varying experience of cumulative adversity. However the current study does find the largest standard deviation in CAR data in the group with greatest cumulative exposure (5.05 versus 3.64 and 4.49 for the no ELS and one β is the standardised regression coefficient, PSS-14 is the Perceived Stress Scale score. ELS exposure groups respectively) which might support this heterogeneity argument. It is widely understood that there are key developmental periods through which the experience of ELS may have greater or lesser effects on the developing brain (De Bellis et al. 1999 ) but few studies have investigated whether the developmental timing of ELS is related to subsequent HPA-axis function. It has been shown for example, that parent-reported trauma exposure before age 1 year was related to delayed cortisol recovery after acute stress in adolescents (aged 9-16 years) whereas exposure after age 1 year was related to a diverging diurnal cortisol slope (Kuhlman et al. 2015b ). This suggests that age of first trauma is associated with differences in HPA-axis function in adolescence. Our finding of significantly elevated CAR in individuals who reported experiencing a traumatic life event in childhood (≤ 12 years) but not in adolescence (≥ 13 years), compared to those reporting no ELS provides further support for the idea that experiencing ELS at different periods of development can lead to differential HPAaxis outcomes. Furthermore it supports wider research linking earlier exposure with negative outcomes. For instance, using the same age grouping as the present study, Maercker et al. (2004) found that the conditional risk for depression was over 3.5 times greater in women reporting ELS in childhood compared with those reporting ELS in adolescence. Indeed, in general it has been found that there are poorer health outcomes if ELS is experienced at a younger age (e.g. Cicchetti et al. 2010; Enoch 2011; Williams et al. 2016) and this is in line with other research suggesting that there may be a stress-sensitive period in amygdala development which peaks at 10 to 11 years of age (Pechtel et al. 2014 ) and that pre-pubertal children may be more sensitive than adolescents to negative feedback mechanisms that control cortisol output (De Bellis and Zisk 2014).
The additional finding that physical abuse/violence was a significant positive predictor of the CAR is interesting given that previous research has shown altered HPA-axis function in those who have previously experienced physical abuse (Cicchetti et al. 2010; Carpenter et al. 2011; Kuhlman et al. 2015a ). The finding is also interesting in the context of wider research on biological changes in response to this type of ELS and may be relevant to conferring a vulnerability to developing psychopathology. More specifically, childhood physical maltreatment has previously been linked to epigenetic changes in the glucocorticoid receptor gene (Romens et al. 2015) and childhood physical abuse is associated with adult stress-induced changes in blood pressure and brain activity in an established stress-sensitive neural circuit (Banihashemi et al. 2015) . Epidemiological studies, narrative and metaanalytic reviews suggest that physical abuse is associated with depression and other psychiatric disorders (Barter and Stanley 2016; Carr et al. 2013; Mandelli et al. 2015) . However, other types of ELS are often found to be better predictors of poor mental health outcomes (Mandelli et al. 2015; Sheikh et al. 2016) . For example Mandelli and colleagues found that sexual abuse was more strongly associated with depression than domestic violence and physical abuse. It should be noted that endorsement for some types of stress, including sexual abuse, was very low (see Table 2 ) which may have limited the ability to detect significant effects in these trauma types. However, as the current study investigated the association between different types of stressor and the CAR in males, it is possible that gender may impact upon these relationships. Gender differences in brain development following different types of ELS have been reported (Teicher et al. 2004 ) in addition to gender differences in neural activation during executive and affective processing subsequent to ELS (Crozier et al. 2014) . The CTES was used to identify trauma in the current study and although this measure contains an 'other' category, it does not include traumas related to neglect which may have resulted in the identification of associations between the CAR and this type of ELS as reported previously (Peng et al. 2014) .
A significant negative association between the CAR and problems solved on first choice in the One Touch Stockings of Cambridge task was found, suggesting that an elevated CAR may be associated with poorer problem solving/planning. There was no significant association between the CAR and working memory or cognitive flexibility. This is the first study to investigate the association between the CAR and problem solving/planning in a healthy adult sample and this finding is interesting when considered in the context of other research. Firstly, working memory and cognitive flexibility are considered two of the three core EFs (along with inhibitory control not assessed here) and problem solving/planning are considered higher-order EFs that are 'built' from these core EFs (Diamond 2013) . Small, non-significant effects with core EFs may be additive and lead to larger effects in higherorder EFs and this could be tested experimentally by taxing specific core aspects of EF in order to see how this effects the association of the CAR with higher-order EF. Secondly, planning is an aspect of future oriented thinking linked to consideration of future consequences. Previous research suggests that witnessing or being a victim of violence during adolescence may be linked to poor development of future orientation (Monahan et al. 2015) and this research is particularly relevant in light of the physical abuse/violence and CAR association finding in the current study. Previous research has also found a similar negative association between CAR and error monitoring (Zhang et al. 2015) . Error monitoring, an important aspect of adaptive cognition, allows for behavioural adjustments that prevent future mistakes in goal-directed action via the implementation of cognitive control (Alexander and Brown 2010 ). Zhang and colleagues found that an elevated CAR was associated with poorer monitoring of errors and reduced behavioural adjustment following error. This is interesting given that planning and error monitoring are both subserved by the prefrontal cortex and both have a future-oriented perspective i.e. are important cognitive functions for goal pursuit (Fuster and Bressler 2015) .
Importantly our findings are correlational and so causality cannot be inferred. There are common brain regions involved in both EF and the regulation of HPA-axis activity (e.g. Boehringer et al. 2015) . However, stress-induced dysregulation of the HPA-axis can lead to increased glucocorticoid release (Gunnar and Quevedo 2007) which can be neurotoxic and impair neural plasticity in sensitive brain regions (Lupien et al. 2009; Teicher et al. 2003) . The prefrontal cortex is a region known to have a protracted development and a high concentration of glucocorticoid receptors and thus is considered to be particularly sensitive to structural brain changes induced by chronic stress (e.g. Brown et al. 2005; Izquierdo et al. 2006 ). This stress can also lead to functional changes in prefrontal catecholamine pathways e.g. increased noradrenergic and reduced dopamine transmission (Arnsten 2009 ). These structural and functional brain changes can potentially impact on EF in adulthood to cause difficulties in problem solving/ planning as observed in this study. Planning has also been associated with the cerebellum (Bauer et al. 2009 ) which is also known to have a particularly protracted development (Tiemeier et al. 2010) . This may leave the cerebellum susceptible to stress-induced brain changes that could impact higher-order cerebella-subserved cognitive functions such as planning. In a larger but overlapping sample of participants to the current study, we have recently reported poorer problem solving/ planning in individuals with a genotype previously shown to be associated with reduced striatal dopamine D2 receptor availability (Klaus et al. 2017 ). Unfortunately we do not have cortisol data for the larger sample but future work should use larger sample sizes to enable grouping based on both experience of ELS and genotype. This would enable researchers to investigate whether genetic differences, in systems known to be vulnerable to ELS-induced alterations, interact with HPA-axis function to confer greater risk for mental health disorders or risk factors for such disorders.
Our CAR and problem solving/planning finding is interesting given that an elevated CAR may confer vulnerability for developing mental health problems such as depression (Adam et al. 2010) . Poorer problem solving/planning may represent a cognitive mechanism by which an elevated CAR increases depression risk. A number of studies have found evidence of problem solving/planning impairments in depressed patients (Fossati et al. 2002) . These impairments may be a component of a cognitive pathway leading to suicidal behaviour (Roskar et al. 2007 ) but importantly they may pre-date the onset of depression (Knouse et al. 2013) . For example Knouse et al., (2013) show that self-management of time, self-organization, and problem solving were related to the risk of depression development. Interpretation of our EF findings should be made with caution however. Three separate regression analyses were performed (for working memory, cognitive flexibility and problem solving/planning) this may increase the chance of a type I error. Future work should aim to replicate our novel finding and to then establish the mechanisms behind the CAR and problem solving/planning association.
There were some limitations in the current study. Previous studies with women have typically reported elevated CAR compared to men (Pruessner et al. 1997; Vreeburg et al. 2009; Wust et al. 2000) and this may explain the relatively low mean CAR (1.71 nmol/L) found in the current study. Alternatively low mean CAR may result from late awakening times given the significant association between waking time and CAR in this and other studies (e.g. Kudielka and Kirschbaum 2003) and the fact that waking time was not dictated in the study design. Low CAR might also be due to not having recorded the full peak of the cortisol rise. This study was designed prior to consensus guidelines suggesting that saliva collection at 45 and 60 min reduces the chance of missing the full peak (Stalder et al. 2016 ). However, many previous reports have used a 0, 30 sampling design (e.g. Corbett and Schupp 2014) . In addition, our waking sample compliance data suggested no significant delay in taking samples (mean: 1 min delay) and awakening cortisol and waking time were significantly negatively associated with the CAR as have previously been reported (Kudielka and Kirschbaum 2003; Wust et al. 2000) providing confidence in the sampling methodology used in the current study. Nevertheless, future work should refer to Stalder and colleagues consensus guidelines regarding methodology. Future work should also consider additional factors that might influence the CAR which were not taken into consideration and could potentially bias conclusions of the current study such as habitual smoking, body mass index and ambient light levels (see Stalder et al., (2016) for an overview).
In this study, current and previous psychiatric health of participants were probed using self-report assessments, future work could instead provide an objective, potentially less biased clinical assessment. An additional potential limitation of this study was the measure used to evaluate childhood trauma. The CTES (Pennebaker and Susman 1988) precluded an analysis based on the number of events (hence we use number of trauma types experienced as the cumulative measure) and was retrospective and subjective in nature which may have resulted in biases in reporting. However having participants rate the trauma level of events could be considered an advantage of this measure over a checklist based approach. Another limitation is the all-male sample which may limit the generalization of our results and future work should include female participants and consider stratified analyses. Notwithstanding these limitations, the fact that this study showed that a number of ELS-related factors influenced the CAR in a manner that is consistent with previous research provides support for our finding that elevated CAR is associated with ELS in this population.
Conclusions
This study found that elevated CAR was associated with self-reported experience of ELS in a healthy male population and is the first study in which to report this effect in the context of cumulative exposure, developmental timing of ELS and type of stressor within the same study population. These findings suggest that individuals who have experienced ELS in childhood, as opposed to adolescence, who have experienced physical abuse/violence and who have experienced cumulative ELS are at risk of having an elevated cortisol awakening response and potentially altered chronic functioning of their HPA axis. In addition a significant negative association was found between the CAR and problem solving/planning in the same population which provides evidence that an elevated CAR, possibly in response to ELS, may be a risk phenotype for the future development of mental health disorders rather than a sign of resilience in healthy adult males. Future work delineating further the combined risk of elevated CAR and poor problem solving/planning in the context of ELS is warranted. This could include taking additional measures of HPA-axis function (such as plasma adrenocorticotrophic hormone, corticotrophin releasing factor or diurnal cortisol levels) or using prospective follow-up studies to see how well the combined phenotype predicts subsequent development of mood or anxiety disorders. As we get closer to elucidating individual risk phenotypes of mental health disorders the hope is that we get closer to more tailored and efficacious health care and a greater understanding of the impact of environmental events, at key stages of development, on brain health.
